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Introduction
The anaerobic-anoxic-aerobic (A2O) process, improved from the traditional activated-sludge process, has become the most popular sewage treatment method in Tibet (Chen et al., 2018) , China. It is widely agreed that the effect of A2O is influenced by the unique environment factors of the plateau, namely, water temperature and pressure.
With a mean elevation of more than 4,000 m, Tibet can be categorized as a typical plateau region with low temperature. Taking Linzhi for instance, the domestic sewage falls in the range of 4°C and 14°C (Zong et al., 2018) , which is a typical low- Temperature is a main influencing factor of sewage treatment (Ai et al., 2014; Abourabia and Abdel Moneim, 2019). Its influence mainly exists in the following aspects: On the phosphorus removal of sludge denitrification, the release and absorption rates of phosphorus are changed under excessively high or low temperatures, and the proportion of denitrifying phosphorus accumulating organisms (DPAOs) in the activated sludge is greatly affected by temperature variation (Zhang et al., 2016; Wu, 2017) ; the nitrification capacity of the sewage treatment system is obviously weakened when the water temperature falls below 15°C, and basically disappears when the temperature drops below 4°C (He et al., 2010; . Thus, the nitrogen removal is severely inhibited under a low temperature (Li et al., 2014) .
In view of the above, this paper explores the mechanism of nitrogen and phosphorus removal of A2O system, as a typical sewage treatment process. Starting from the microbial variation law, the author discussed the influence of water temperature, dissolved oxygen concentration, hydraulic retention time (HRT) and other factors on nitrogen and phosphorus removal, analyzed the operation features of A2O system at high elevations, and investigated the microbial features in the anaerobic section, anoxic section and aerobic section. The research discloses the mechanism of nitrogen and phosphorus removal in the reactor, shedding light on how plateau environmental factors affect the mechanism of nitrogen and phosphorus removal. Moreover, our research results lay a theoretical basis for the biological sewage treatment system in the plateau environment.
Materials and methods

Description of the A2O system and wastewater
As mentioned above, our experiment aims to disclose the law of removal rates under different water temperatures, HRTs and dissolved oxygens (DOs). For this purpose, the process flow of our experiment was designed as the following chart.
A pilot-scale A2O sewage treatment device was designed and fabricated with plexiglass. With an effective volume of 210 L, the device consists of 8 segments: the first 2 are anaerobic tanks, the middle 2 are anoxic tanks, and the last 4 are aerobic tanks.
The volume ratio of the anaerobic, anoxic and aerobic sections is 1:1:2. Besides, the effective volume of the sedimentation tank is 26.25 L. In both anaerobic and anoxic sections, each tank has a 50 rpm stirring device at the bottom; in each aerobic tank, there is an aerator for oxygen supply. Inflow, return sludge and nitrifying liquid are controlled by a peristaltic pump. To maintain a constant temperature, the water temperature was regulated by a constant temperature circulator. In each tank, a sampling hole was opened on the tank wall. Before the experiment, the activated sludge was cured for 32 d. The temperature, mixed liquor suspended solids (MLSS), and volume percent of MLSS after settling for 30 min (SV30) were set to 22.5ºC, 4,787 mg/L and 35%, respectively. The number of parallel samples per point is three, and the average of three samples is taken when the accuracy requirement is met, otherwise resampling is considered ( Figure 1 ).
Figure 1. Schematic of anaerobic-anoxic-aerobic (A2O) process
The urban domestic sewage in Linzhi was directly adopted for our experiments. The main water quality indices of the sewage are given in the table below ( Table 2) . 
Operation of the A2O device
The operation of the A2O device was studied under three working parameters, i.e. water temperature, hydraulic retention time (HRT) and DO, in order to disclose the law of removal rates under different water temperatures, HRTs and DOs. The control plans for the three parameters are specified below.
On water temperature control, the inlet water flow was designed as 10.0±0.1 L/s, HRT as 21.0±0.2 h (the HRT ratio between anaerobic tank, anoxic tank and aerobic tank=1: 1: 2), DO as 2.0±0.1 mg/L, the reflux ratio of the mixed liquor Ri=200%, and the reflux ratio of the sludge R=100%. Both the mixed liquor and the sludge were continuously refluxed. The temperature was changed by an electric heater between five levels: 10, 15, 20, 25 and 30°C. The water samples were collected 72 h after the temperature reached the design temperature. The temperature was controlled with an error of or less than 0.1°C. On HRT control, the inlet water temperature was designed as 20±0.1°C, the HRT ratio between anaerobic tank, anoxic tank and aerobic tank as 1: 1: 2, DO as 2.0±0.1 mg/L, the reflux ratio of the mixed liquor Ri=200%, and the reflux ratio of the sludge R=100%. Both the mixed liquor and the sludge were continuously refluxed. HRT was adjusted by changing the inlet water flow between five levels: 4, 8, 12, 16 and 20 L/s. HRTs corresponding to the five levels were respectively 52. 5, 26.26, 17.5, 13 .125 and 10.5 h. The water samples were collected 72 h after the change of the inlet water flow. The flow was controlled with an error of or less than ±0.1 L/s. On DO control, the inlet water temperature was designed as 20±0.1°C, the inlet water flow as 10.0±0.1 L/s, HRT as 21.0±0.2 h (HRT ratio between anaerobic tank, anoxic tank and aerobic tank=1:1:2), the reflux ratio of the mixed liquor Ri=200%, and the reflux ratio of the sludge R=100%. Both the mixed liquor and the sludge were continuously refluxed. DO was altered between 10 levels (1, 2, 2.5, 2.8, 3, 3.2, 3.5, 4, 4.5 and 5 mg/L) by changing the amount of blast aeration. The water samples were collected 72 h after DO reached the design level. DO was controlled with an error of or less than ±0.1 mg/L.
Analytical methods
According to the working standards, the experimental indices were respectively measured by the following methods: COD was determined by the potassium dichromate method, the TN by the ion chromatography, TP by potassium persulfate oxidation, MLSS by the gravimetric method, the SV30 by the standard method, DO by membrane electrode method, pH by the portable pH meter, NH4 + -N by the Nessler's reagent photometry, the water temperature by water thermometer, the inlet water flow by float flowmeter, and the microorganisms by biochemical microscope counting. Table 3 displays the operation parameters like DO, MLSS, pH and temperature at different HRTs. Effect on removal rates Figure 2 provides the removal rates of COD, TP, TN and NH4 + -N in anaerobic, anoxic and aerobic tanks at different HRTs. Figure 2 (a), the COD removal rate ranged between 69.65% and 93.98% under the five HRTs; in descending order of the COD removal rate, the inlet water flows were ranked as 8, 12, 16, 4 and 20 L/h, and HRTs as 26.25, 17.50, 13.13, 52.50 and 10.50 h; the optimal HRT was much greater than 7~14 h; the highest COD removal rate was observed at the design inlet water flow of 8 L/h; the removal effect was obvious in anaerobic and aerobic sections, but the removal rate was not significantly enhanced in the anoxic section.
Results
Sewage treatment at different HRTs
As shown in
As shown in Figure 2(b) , the TP removal rates fell in the range of 4.53%~64.56% under the five HRTs; in descending order of TP removal rate, the inlet water flows were ranked as 8, 12, 20, 16 and 4 L/h, and HRTs as 26.25, 17.50, 10.50, 13.13 and 52.50 h; the optimal HRT was much greater than 7~14 h; the highest TP removal rate was observed at the design inlet water flow of 8 L/h; the removal effect was obvious in anaerobic and aerobic sections, but the removal rate was not significantly enhanced in the anoxic section.
Figure 2. Removal rate at different hydraulic retention times (HRTs)
As shown in Figure 2 (c), the TN removal rates shifted from 23.92% to 42.85% under the five HRTs; in descending order of the TN removal rate, the inlet water flows were ranked as 8, 12, 4, 16 and 20 L/h, and HRTs as 26.25, 17.50, 52.50, 13.13 and 10.50 h; the optimal HRT was much greater than 7~14 h; the highest TN removal rate was observed at the design inlet water flow of 8 L/h; the removal effect was obvious in anaerobic and aerobic sections, but the removal rate was not significantly enhanced in the anoxic section.
As shown in Figure 2(d) , the NH4 + -N removal rates changed within 14.92% and 65.47%; in descending order of the NH4 + -N removal rate, the inlet water flows were ranked as 4, 16, 8, 20, 12 L/h, and the HRTs as 52.50, 13.13, 26.25, 10.50 and 17.50 h; the optimal HRT was much greater than 7-14 h; the highest NH4 + -N removal rate was observed at the design inlet water flow of 4 L/h; the removal effect was obvious in the aerobic sections, but the removal rate was not significantly enhanced in the anaerobic or anoxic section.
To sum up, the optimal HRT was 26.25 h among the five designed HRTs; HRT increased more significantly in the plateau environment than other regions.
Microbial response
The microbial density and indicator microorganisms under the above five HRTs are shown in Figure 3 .
It can be seen from Figure 3 It can be seen from Figure 3 The microbial analysis show that the microbial density is not directly correlated with the optimal HRT, because the treatment effect depends on retention time and inlet/outlet water quality, in addition to microbial density; moreover, the indictor microorganism analysis confirmed that the indicator microorganisms reached the peak diversity at 8 L/h and the most populous microorganisms were vorticella, trochilia, rotifera and oxytricha. APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17 (5) Effect on removal rates Figure 4 gives the removal rates of COD, TP, TN and NH4 + -N in anaerobic, anoxic and aerobic tanks at different DOs. As shown in Figure 4(a) , the COD removal rate ranged between 84.59% and 92.84% under the ten DOs; in descending order of the COD removal rate, the DOs were ranked as 3.2, 3.0, 5.0, 2.5, 2.0, 2.8, 1.0, 4.5, 4.0 and 3.5 mg/L; the optimal DO was far higher than 2.0 mg/L, but the COD differed slightly between the working parameters; the COD removal rate peaked at the design DO of 3.2 mg/L; the removal effect was obvious in anaerobic section, but the removal rate was not significantly enhanced in the anoxic or aerobic section.
Sewage treatment at different DOs
As shown in Figure 4(b) , the TP removal rate fluctuated between 7.27% and 35.84% under the ten DOs; in descending order of the TP removal rate, the DOs were ranked as 3, 2, 1, 5, 3.2, 4.5, 2, 2.8, 4 and 3.5 mg/L; the optimal DO was far higher than 2.0 mg/L; the highest TP removal rate appeared at the design DO of 3 mg/L; the removal effect was obvious in anaerobic section, but the removal rate was not increased in the anoxic or aerobic section.
As shown in Figure 4(c) , the TN removal rate fell between 7.27% and 35.84% under the ten DOs; in descending order of the TN removal rate, the DOs were ranked as 3, 2, 1, 5, 3.2, 4.5, 2, 2.8, 4 and 3.5 mg/L; the optimal DO was much higher than 2.0 mg/L; the highest TN removal rate appeared at the design DO of 3 mg/L; the removal effect was obvious in aerobic section, but the removal rate was not increased significantly in the anoxic or anaerobic section.
As shown in Figure 4(d) , the NH4 + -N removal rate changed between 80.76% and 40.35% under the ten DOs; in descending order of the NH4 + -N removal rate, the DOs were ranked as 4.5, 3.0, 3.2, 2.0, 2.5, 3.5, 1.0, 2.8, 5.0 and 4.0 mg/L; the optimal DO was much higher than 2.0 mg/L; the NH4 + -N removal rate reached the maximum at the design DO of 4.5 mg/L; the removal effect was obvious in aerobic section, but the removal rate was not increased significantly in the anoxic or anaerobic section.
In summary, the optimal DO was 3 mg/L among the ten designed DOs; the DO in the plateau environment was much greater than that in the other regions; however, the removal rates of TP, TN and NH4 + -N were not high under plateau environmental factors; in particular, only about 35% of TP were removed.
Microbial response
The microbial density and indicator microorganisms under the above seven DOs are displayed in Figure 5 .
It can be seen from Figure 5(a) that the seven DOs could be ranked as 2.8, 4.5, 2.5, 5, 2, 3.2 and 1 mg/L in descending order of the number of microorganisms in the anaerobic section, 2.5, 5.0, 2.8, 3.2, 2, 4.5 and 1 mg/L in the anoxic section, and 2.5, 2.8, 5.0, 3.2, 4.5, 2 and 1 mg/L in the aerobic section. Since the microbial effect is correlated with microbial density, microbial residence time, and inlet/outlet water quality, it is not reasonable to evaluate the microbial response with the bulk density of the microorganisms.
It can be seen from Figure 5(b) that the seven DOs could be ranked as 2.8, 4.5, 1, 2, 2.5, 5 and 3.2 mg/L in descending order of the diversity of indicator microorganisms in the anaerobic section, 1, 5, 2.5, 3.2, 4.5, 2.8 and 2 mg/L in the anoxic section, and 5, 2, 2.5, 3.2, 1, 2.8 and 4.5 mg/L in the aerobic section. The indicator microorganisms reached the peak diversity at 5 mg/L, when the most populous microorganisms were vorticella and rotifera. Meanwhile, the most populous microorganisms became vorticella, rotifera and trochilia at the DO of 3 mg/L.
The microbial analysis show that the microbial density is not directly correlated with the optimal DO, because the treatment effect depends on retention time and inlet/outlet water quality, in addition to microbial density; moreover, the indictor microorganism http analysis confirmed that the indicator microorganisms reached the peak diversity at 5mg/L, when the most populous microorganisms were vorticella and rotifera. Effect on removal rates Figure 6 shows the removal rates of COD, TP, TN and NH4 + -N in anaerobic, anoxic and aerobic tanks at different water temperatures.
Sewage treatment at different water temperatures
As shown in Figure 6(a) , the COD removal rate ranged between 70.06% and 84.33% under the five water temperatures; in descending order of the COD removal rate, the water temperatures were ranked as 15, 30, 25, 10 and 20°C; the optimal water temperature was obviously 15°C, as the COD removal rate reached the peak value under this temperature; the removal effect was obvious in anaerobic section, but the removal rate was not significantly enhanced in the anoxic or aerobic section.
As shown in Figure 6(b) , the TP removal rate fluctuated between 3.54% and 75.55% under the five water temperatures; in descending order of the TP removal rate, the water temperatures were ranked as 15, 20, 30, 10 and 25°C; the optimal water temperature was obviously 15°C, as the TP removal rate was the highest under this temperature; the removal effects were obvious in anaerobic and aerobic sections, but the removal rate was not significantly enhanced in the anoxic section. http As shown in Figure 6(c) , the TN removal rate fell between 36.60% and 77.98% under the ten DOs; in descending order of the TN removal rate, the water temperatures were ranked as 10, 25, 15, 30 and 20°C; the optimal water temperatures were 10 and 25°C, as the peak TN removal rate was measured under the two temperatures; the removal effects were obvious in anaerobic and aerobic sections, but the removal rate was not significantly enhanced in the anoxic section. Figure 6 . Removal rate at different temperatures As shown in Figure 6(d) , the NH4 + -N removal rate changed between 55.44% and 95.44% under the five water temperatures; in descending order of the NH4 + -N removal rate, the water temperatures were ranked as 10, 25, 20, 15 and 30°C; the optimal temperatures were 10 and 25°C, as the peak NH4 + -N removal rate was obtained under these two temperatures; the removal effect was obvious in anaerobic section, but the removal rate was not significantly enhanced in the anoxic or aerobic section.
Overall, the optimal water temperature was 15°C among the five designed water temperatures; the optimal temperature in the plateau environment was lower than that in the other regions.
Microbial response
The microbial density and indicator microorganisms under the above five water temperatures are displayed in Figure 7 .
It can be seen from Figure 7 (a) that the five water temperatures could be ranked as 20, 15, 10, 25 and 30°C in descending order of the number of microorganisms in the anaerobic section, 30, 25, 10, 20 and 15°C in the anoxic section, and 15, 30, 25, 10 and 20°C in the aerobic section. Since the microbial effect is correlated with microbial density, microbial residence time, and inlet/outlet water quality, it is not reasonable to evaluate the microbial response with the bulk density of the microorganisms.
It can be seen from Figure 7 (b) that the five water temperatures could be ranked as 20, 10, 25, 15 and 30°C in descending order of the diversity of indicator microorganisms in the anaerobic section, 20, 10, 25, 15 and 30°C in the anoxic section, and 15, 30, 10, 25 and 20°C in the aerobic section. The indicator microorganisms reached the peak diversity at the water temperature of 20°C, when the most populous microorganisms were vorticella, trochilia and oxytricha. Meanwhile, the most populous microorganisms were also vorticella, trotifera and trochilia at the water temperature of 15°C. The microbial analysis show that the microbial density is not directly correlated with the optimal water temperature, because the treatment effect depends on retention time and inlet/outlet water quality, in addition to microbial density; moreover, the indictor microorganism analysis found that the indicator microorganisms reached the peak diversity at 15°C, when the most populous microorganisms were vorticella, rotifera and oxytricha; furthermore, it should be noted that the diversity did not increase with the water temperature (Tian et al., 2013) .
Discussion
Discussion of HRTs
Some of the recent studies on the optimal HRT are as follows. Wang et al. (2014) suggested that the optimal HRT was 8~12 h for the processing of high-load sewage by A2O and electro-coagulation. Ye et al. (2018) put the optimal HRT to 6 h for the removal of organic matters and nutrients from urban sewage with dual-A2O (D-A2O).
In our experiment, the optimal HRT is determined as 26.25 h based on the removal rates and microorganism response. This conclusion differs greatly from the results of the previous studies. The difference may be attributed to the environmental factor of low water temperature. The microbial density in low-temperature water body treated by the A2O is generally considered as 10 8 CFU/L (Yang, 2017) . In our experiment, however, the microbial density was merely 10 6 
Discussion of DO
Large numbers of DOs come to the anoxic unit through International recirculation flow and destroyed the hypoxic environment, affecting the nitrogen removal (Li et al., 2012) . With respect to total nitrogen removal, nitritation-denitritation at low DO levels of 0.3-0.5 mg/L was essentially equal to the complete nitrification-denitrification at DO levels of 1.5-2.5 mg/L with the addition of external carbon sources (Zeng et al., 2010) . Under the conditions of 11 h HRT, 1.0-2.0 mg/L DO concentration, 200% mixture reflux proportion, 80% sludge reflux proportion and 20d sludge age, the effluent concentration can achieve the first order A standard of Discharge Standard of Pollutants for Municipal Wastewater Treatment Plant (Zhang et al., 2011) . Controlling to DO at 0.8-1.5 mg/L, the treatment efficiency of full-scale Biolak/A 2 O process was near optimal with the total nitrogen efficiency of 69.45% (Ju et al., 2013) . DO levels in the range of 0.5 to 3.5 mg/L in the aeration basin did not have significant impact on effluent ortho-P concentration in a completely mixed basin within the EBPR process (Gu et al., 2006) . In our experiment, the optimal DO is determined as 3.0 mg/L based on the removal rates and microorganism response. This conclusion deviates greatly from the results of the previous studies. A possible cause for the deviation lies in the unique environmental factors of the plateau.
Discussion of temperature
The temperature and functions of A2O process were closely related (Zhao et al., 2010) . Under the condition of average temperature of 14.2°C and carbon-to-nitrogen radio of 4.81, enhanced nitrogen and phosphorus removal was achieved (Wang, 2010) . The changes of temperature could affect the community structure and the Shannon diversity index of nitrifying bacteria (Tao et al., 2009 ). In our experiment, the optimal water temperature was determined as 15°C based on the removal rates and microorganism response. This conclusion was very inconsistent with the results of the previous studies, which may be ascribed to the unique properties of microorganisms at low temperatures on the plateau. Because Nitrification rates at high altitude aquatic ecosystems are scarce (Hayden and Beman, 2014; Molina et al., 2018) .
Conclusions
Under the unique environmental factors of plateau, this paper designs a pilot-scale A2O device to explore the effects of DO, HRT and water temperature on the removal rates of COD, TP, TN and NH4 + -N, and the law of microbial response to these working parameters. The results show that none of the TP, TN or NH4 + -N of the outlet water satisfied the Chinese national standard GB18918-2002, while the COD only fulfilled the standard requirements under a few working parameters. The optimal values of the four working parameters were determined as: the optimal HRT=26.25 h, the optimal DO=3.0 mg/L, the optimal temperature=15°C. All these optimal values deviated greatly from the existing studies. The microbial densities corresponded poorly to the three working parameters, and differed significantly from those under normal conditions; the number of indicator microorganisms was basically consistent with the optimal values of our experimental parameters. In addition, the SV30 (Xu et al., 2013) and NLSS were both low in our experiment.
